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SUMMARY 
Various joining methods are available for composite structures, with anticipated benefits for 
the most obvious way of exploiting the nature of thermoplastic materials: melting and 
reconsolidation. A proper joint selection and detailed design, however, will require 
quantitative results obtained in an objective and reproducible procedure. The objective of 
this paper was to develop benchmark procedures and results for the characterization of 
joining methods for composite materials. 
AS4 carbon/PEEK joints (UD tape) were manufactured in T-configurations by autoclave 
processing. Two types of T-joints were co-consolidated on the skin, from a flat strip with an 
injection molded nugget (“butt joint”) or from a pre-consolidated T-stiffener, respectively. 
RTD, CTD and HW experiments were performed on both types of configurations. The pre-
consolidated T-stiffeners have a higher pull-off load and more gradual damage 
development than the flat strip/nugget configuration, at the cost of added mass. Also here 
CTD and RTD performances are similar, whereas the flat strip/nugget configuration shows 
no significant strength reduction in HW conditions, against 30% for the pre-consolidated T-
stiffener configuration. 
 
 
INTRODUCTION 
Continuous fibre reinforced thermoplastics have become popular in aircraft industry the  
last decades and recently also the automotive industry is gaining interest due to the need 
for weight reduction. In aircraft industry there are numerous examples of thermoplastic 
composites in structural applications: leading edges, clips and brackets, and stiffened 
panels [1][2]. The main reasons for adopting thermoplastic composites is their toughness 
and damage tolerant properties, potentially fast processing due to melting and shaping and 
their recyclability. Different joining methods are available for composite structures, but the 
most obvious way is to exploit the nature of thermoplastic materials: melting and 
reconsolidation. Composite skin-stiffener configurations can therefore be jointed using low-
cost co-consolidation instead of costly mechanical joining. The definition of the joint 
geometry however still poses a challenge. A proper joint selection and detailed design will 
therefore require quantitative results obtained in an objective and reproducible procedure. 
In this paper the quality of two different C/PEEK T-joint designs using a thermoplastic filler 
of the same resin is assessed. The first design comprises a butt-joint with a filler that is co-
consolidated in such a way that it connects the stiffener directly to the skin as extensively 
described in [2]. In the second design a pre-consolidated T is co-consolidated to the skin. 
A representative loading condition for skin-stiffener joints is applied by a pull-off test 
configuration with clamped edges while using a fixed span. The failure mechanisms for 
different test conditions, i.e. room temperature/dry RTD, cold/dry CTD and hot/wet HW, will 
be critically discussed. The results can be used to develop benchmark procedures for the 
characterization of joining methods for composite materials in order to support the 
development of design allowables. 
 
 
MATERIALS 
Two different geometries of skin-rib stiffening designs comprising AS4/PEEK are analyzed 
in this paper, see Figure 1.  
  
Figure 1: butt-joint, geometry 1 (left) and T-joint geometry, geometry 2 (right) 
 
The left figure shows a butt-jointed T-joint comprising a filler strip between the (pre-
consolidated) skin and the rib. Rib, filler and skin are co-consolidated in a single autoclave 
step. The second geometry under investigation consists of a pre-consolidated T-shaped 
stiffening rib using a nugget. This pre-consolidated T is co-consolidated to the skin using 
autoclave processing. In this paper the butt-jointed T-joints will be referred to as geometry 
1 and the co-consolidated T type of joint as geometry 2. 
Geometry 1 consist of a skin and a rib both of AS4/PEEK 150P supplied by Ten Cate AC. 
The lay-up of the skin as well as the rib was quasi-isotropic [-45 90 45 0]2S such that they 
contain 16 layers. The filler is injection molded with short fiber AS4 carbon. These butt-
jointed specimens were manufactured by Fokker Aerostructures. Geometry 2 consist of a 
skin and a pre-consolidated T-stiffener all of AS4/PEEK 150P supplied by Ten Cate AC. 
The 16 layer lay-up of the skin is quasi-isotropic [45 90 -45 0]2S. The T-stiffener has an 
identical lay-up [-45 90 45 0]2S with a nugget in the center between layers 8 and 9. Due to 
the chosen orientation the interface is between a 45° and -45° layer. 
 
  
Figure 2: representative micrograph of geometry 1 (left) and geometry 2 (right) 
 
Figure 2 shows two typical micrographs of the considered geometries. In all specimens 
some ply waviness in the skin was observed. This must be attributed to high pressures 
during the co-consolidation process in the autoclave, which causes local reorientation of 
the plies. Cooling shrinkage might play a role as well in this process. Some of the 
specimens showed a minor misalignment of the rib with respect to the skin (< 1°). 
Furthermore all specimens of type 1 showed a small bend in the skin surface caused by 
asymmetric thermal shrinkage due to the filler. The angular deflection was observed to be 
about 1mm per 70mm. 
Furthermore the figure shows that minor waviness in the skin plies of type 2 specimens 
occurred as a result of the co-consolidation process. It is expected that residual stresses 
that were build up during consolidation of the skin and T-stiffener are set free 
(deconsolidation) during co-consolidation, resulting in ply movement in the direction of the 
(molten) nugget. The inner 0-layers of the T-stiffener mix well with the nugget during 
consolidation. No signs of porosity could be observed. 
The specimens were cut and prepared to the size of 142mm x 145mm (width x length) and 
the height of the specimens is approximately 43mm. The width of the T-stiffener is 50mm. 
The skin and stiffener thickness is 2.1mm. Small variances in flange length of the T-
stiffener of maximum 1mm have been observed. 
All specimens have been dried at 50°C in vacuum until no weight change of the specimen 
was observed. For HW testing the specimens were subsequently conditioned in a climate 
chamber until saturation. 
 
 
EXPERIMENTAL SET-UP 
All the experiments have been carried out on a Zwick Z100 tensile machine from the 
Production Technology Group of the University of Twente. For CTD and HW tests an oven 
supplied by Grenco/Airtest was used. Cold testing temperatures were obtained by applying 
nitrogen. LVDTs have been applied during RTD testing for measurement of the 
displacements between the upper and lower fixture. 
 
 
 
Condition Test temperature Specimen moisture conditions 
RTD 23°C (73.4F) dry 
CTD -40°C (-40F) dry 
HW 80°C (176F) 80°C / 85%RH until saturation 
Table 1: testing conditions 
 
Since the pull-off test is not described in the standards, a dedicated fixture was developed 
based on an original design by Fokker, see Figure 3.  
 
 
Figure 3: schematic fixture for pull-off testing [3] 
 
The fixtures consist of stiff mounting plate on which the skin is clamped with rigid beams. In 
order to fix the skin head cap screws are used. The rib is clamped using surface-textured 
steel beams and head cap screws applied with a constant moment. 
 
  
Figure 4: test fixture (left) and mounted in a mechanical tensile testing machine (right) 
 
Preparation consists of accurate drilling of holes in the skin that serve for clamping the skin 
flanges over a predefined clamping length. No other preparation than conditioning and hole 
drilling and subsequent deburring of the specimens is necessary. The reported asymmetry 
in the T-stiffener does not influence the preparation since the holes are positioned with 
respect to the rib position and not with respect to the flanges. 
The pull-off force is directly correlated to the tensile force, measured by a 100kN load cell. 
Quasi-static loading is induced by application of an upwards cross head speed of 
2mm/min. At least 3 specimens per loading condition are tested.  
 
 
RESULTS AND DISCUSSION 
The results for both geometries and all testing conditions are shown in Figure 5.  
 
 
Figure 5: ultimate failure loads for type 1 and type 2 specimens at different testing 
conditions (indexed wrt. type 1 RTD values) 
 
Figure 5 shows that the type 1 geometry, the butt-jointed specimens, generally reproduces 
better than the type 2 geometry. Only type 1 at CTD conditions forms an exception. Type 2 
specimens generally perform better in dry conditions than the butt-joints, however, it must 
be noted that they contain about 30% more material. In terms of stiffness they also perform 
much better (factor 2 or higher) than the type 1 specimens. This is attributed to the fact that 
the load is transferred by the continuous fibers instead of injection molded filler with short 
fibers. Where the strength of type 2 reduces about 30% in HW conditions, no significant 
change of strength can be observed in type 1 specimens.  
 
Type 1 
The failure behavior in type 1 specimens is reported earlier [5]. Upon loading a crack is 
initiated in the radius of the filler in the region where the stresses are maximal, see Figure 6 
left. The crack propagates through the filler into the surface of the skin and leads to a 
delamination between the filler and the skin top layer (see Figure 6 right) or, in some cases 
intra-ply failure of the top skin. Upon complete failure the filler is completely separated from 
the skin. The filler stays connected to the rib at all times. At the fracture surface of the rib, 
i.e. the filler, fibers that were separated from the skin are visible. The failure modes for all 
testing conditions are identical to that previously reported [3]. 
 
  
Figure 6: fracture surfaces for type 1 specimens, crack initiation area (left), delamination 
between filler and skin (right) 
 
Type 2 
During loading of the type 2 joints a peeling of one flange of the T-stiffener is observed, 
which leads to a force drop of about one third until a half. Hereafter the delamination 
progresses during further loading, each time causing a subsequent load drop during 
delamination propagation. This phenomenon is the same for RTD and CTD conditions. 
 
  
Figure 7: fracture surfaces for type 2 specimens, RTD conditions (left), HW conditions 
(right) 
 
The dark and light grey areas in the fracture surfaces are related to this behavior – the 
number of local load maxima coincides with the number of light grey lines (Figure 7 left). 
Microscopy revealed that the light grey areas are areas with clean fibers. Apparently, 
failure in the fiber-matrix interface may arise locally. Probably this is related to the 
brittleness of the matrix in dry conditions. In CTD testing the effect is the same, however, 
the light grey areas seem to be smaller and distributed more evenly over the surface. 
For HW conditions the loading curve reveals more plasticity and after first delamination the 
propagation is of a ductile nature. In the fracture surfaces clearly fiber failure in the top-
plies of the T-stiffener as well as the skin is observed (Figure 7 right). Next to the 
delamination mechanism also intra-ply failure of the top plies takes place: a high number of 
broken fibers can be observed in the micrographs. Apparently the increased temperature 
provokes a ductile failure mode. 
 
Discussion 
Discuss the sensitivity to the manufacturing process. Especially in type 2 specimens a high 
spread of the results was observed, which is depending on geometric inaccuracies due to 
production. The asymmetry of the flanges with respect to the rib and the shape of its edges 
are expected to be critical parameters for crack initiation. Figure 8 shows a selection of 
observed edge shapes. 
 
   
Figure 8: different observed edge shapes for type 2 specimens 
 
The edge shapes show a large variety. Sharp edges between skin and stiffener will induce 
high local stresses during loading which may lead to earlier crack initiation and possibly 
premature failure of the joint. 
 
 
CONCLUSIONS & OUTLOOK 
The pull-off strength of the type 2 specimens is larger compared to the type 1 specimens, 
however it should be kept in mind that they consist of more material. In HW conditions a 
loss of strength is observed which is not the case for the first type of specimens. For both 
investigated geometries an influence of the manufacturing process, which gave rise to 
geometric deviations, could be observed. Therefore, in further studies on this topic the 
influence of geometric deviations will be addressed.  
Next to additional experimental testing on small scale specimens, numerical sensitivity 
studies will be the method of choice. Numerical models for geometry 1 specimens have 
already been developed and previously published [4][5]. For geometry 2 numerical 
sensitivity studies may prove the influence of edge shape and subsequently edge 
singularities on crack initiation and the influence of geometric deviations from the design 
geometry as a result of manufacturing as a whole.  
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